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 We  developed t'he system  for purifying ueanium  metal  an,.l its metal]ic  coi'.',po- cls and  fc,r growi"g  highry pure
uranium  eompouncls  to study  their tntrinsic ptiysical propcs tics. Uraniun'i metal  wasc-,one  refined  under  Iow  coix,,amiRa-

tion  conciitions  us  {'ar zas possible. [['he degree of  the  purity of  ui inium  rr}etal  was  examined  by the conventional  e]ectric.al

resistivity measurement  and  by the ehernical  analysis  using  the ind'activc c;euple[l pllt 
'ma

 emissioll  spectrometry  {ICP),
The  results  sho,,iv  that some  rnetallie  impurities evaporated  by ther,i', heating and  otli¢ r i]sual metaliie  impurit.ies moved

to the  end  of  a  rod  with  a  moiten  zone.  TIierefore, we  conclude.  tlrat. the /zorte  refiniiii  technique i:, much  effective to thc
removal  of  metalIic  impurities aiid  we  ebtaincd  1iigh purifie{1 ur. anivm  me:al  of  99.99%  up  wtth  regarding  to metallic  im-

purities. The  maxirnum  residual  restsLlvity  ratio,  the  r.r.r.,  so  hr obtained  wtts  about  /' 7-･20. Using  the  purified uranium,
we  are  aTternptlng  to grow  a  highly pure  uraniuin-titaniuru  single  crystals,

KEYWgRO$:  uranium,  zone  refining,  p"rlrieatlofi,  crystai  growth,  K]P

gl. IentrE}afwctgoan

  It would  be  no  exaggeration  tg say  that our  niajor  cen-

cern  for materials  deve}opments  has been focuss;ed on  the
reduction  of  oxide  ores  and  on  the  deoxidization and  the

purification of  redueed  rnetals,  iu the  long histc}ry of

human  beings. The acivance  of  oljir technologies  in the
courss  of  sur  history kas enabied  us  to handte  more  ac-

tive inetals, which  had been diracult' to reduce  and

purify. A:,nong a  variety  of  elements,  the  rare  earths  and

the actinSdes  are  the most  actgve  elemefits,  So, we  could

have obtnined  reiatively  highly pure  metals  of  these

eleinents  only  Tecently.i)

  Recently, the  actinide  eZements  and  tkeir cempovtitds
are  attracting  much  attention  of  many  researchers.

Major  att.ention on  one  side  arises from  the nwclear  fuel
technoSogy.2) That  is the treatment  ot' nuc]ear  wastes

whose  main  proitlem is eveked  by the  actEnide  elernents

contagned  in them,  Sei.seral solutions  ag'e  proposed  sucb

as their recycling  in thc nuciear  fuel, their anllihilation
through  some  nuclear  

'ieactions
 and  lastly their ull,liza-

tion  by  the creation  oi' new  useful  mageriaes  usiTig  them.
As  the act.inide elevnents  are  tlae last egegnents  lek for the
humaan beings, the last so]ution  may  give us  a possibglity
to realize  one  of  our  drearri, narneLy,  syntheslzing  new

innovative materials.  Another  attentiem  on  other' side

arises  from  a  basic theoyy of  tbe  solid  state physics in con-
neetion  with  the  so- ¢ alled  f-electrons. It gs anticipat.ed

rnu･ch  tha:, the  fLelectroiis behave  very  llniq.uely  and  give
us  the key to unciersl/nnd  the  electron  states  in solids,

which  is the major  researeh  fiel'd of  the  soAid  st/ate

physics. In these sense,  t.he researt.'h ot' 'Lhe actijmide coin-

pounds  is very  important.])
  To  advkmee  in the  research  fiegds ymentSoned  above,  we

need  target mat ¢ rials  oi"' high quality. Even gmani

arnounts  ef  iinpurities //n them  would  conceaa  their gntrgn-

sic properties, Uranium  and  its compotmds  are  con-

sidered  to be the entrance  to study  of  actiny'de  elements,

because of  its iarge avaglable  quantity and  its very  weak

toxicity  and  radio  activgty  compared  to ot.ker actgnidelts

egemcrnts.  Thez'efe 'e, we  initiated our  study  by  purit'ying
thc 

'utanittm
 meta,11' anc:･ then  cont.eritplate  growing  single

cry/'tals  of  {t,v. cevfipourhds  of  high quality, using  thc
higkly purifieci ur; nium  mct:-tl,

  As  mc:iltaoned  :-bbove, the purification of  uraniurri  is
very  diMcuit to cai'v'y  out.  1'he uranium  is chemically  very

t'･,cti･.ve and  its a.eerrity  with  intersttitially gaseous  atoms  is
very  strc,ng. What  is worse  .for the  uranium  is tha'L the
vapor  pres/surt' ratEo between  its oxide  and  the  meta]  is

Eow. Z-his ineans  tk at  the  mel'ting  in a liigh vacuum  wougd

not.  Tesu]t in tl'ge drgxidization, that is usualgy  the ease  in
the chernically  a.ct' ve metags  suck  as  t'he IVa, the Va, and

the Vg.a transiS loytiiietals, su{:h  as  hafnium, tantalum  and

gnelybdenum,  ancl the rare  earth  metals  such  as ytt.rium,])'fhe
 thofium nlso  has a large value  of  this ratio,  about

SO', and  could  bft deoxidized by. melting  it' in a  high
vacuum.i}

  tt'"rEe convenL'gop  iEly industriati reductaon  and  purifica-
tSon  system  fer {htt uraniu;n  is cornposed  of  the chemical

v)urificati(}n, redut', ion ot' oxrde  with  calciium  or  iodide,

tgnd the rnolte/n salt electrolysis.4) Nowever,  the  purie'y of
the uranium  .obt:'nect by Ihese conventional  pr-ocesses
wonid  mot  satisfy the  demancls evoked  by  the  research  ac-

tivit:,･."s ln tlie llew  matcraa[s  cleveloprnent  and  the  solid

state  physgcs. I'{eiLi. we  adopted  the two  step  purification
processes to pariA,,r t'ne copventinal!y  pure uranium  fur-
t.her., both of  whk"ii  are  profl,･'cn to be effective to purify
the  active  mv"'tals,  

')ne
 is the  zone  refining  and  the other  is

lhe electre-tra.nspc'i･ct, or  the  sogSd-state  electrolysis.S"")

  :'he p-ri'fiekt.ioz, process, however,  should  be carried

out  irg a  quaEified eL vii,oRment  te get. rid  of  picking up  im-

puritles duriiig tgie procets's. I{ere, we  developed  the

sysl/et" i'or the p',.;･rgfication process, whieh  reagized  a

i'easenablly  higl"'acuurn and  the environments  compati-

l')le with  the  heateL. or  melted  uraniugn,  In this section,  we

wilj describe the detail ot[ the developed purification
system  and  the. prtcedures  of  the  aetua]  purification. We

wgll  alse  show  the  resuats  of  purification of  urankam,

whieh  were  examir?  ed  

'by
 the eliectrical resistivity measure-

yng'nt  alld by t.he (tl.kemScal analysis.
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Fig, 4. Scl,'iernaLic illustrat:,on oi' Lhe  high vaeuun'i  electrotransporz  ap-

 paratus.
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           1 LeriLontal zone  refining

]7
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 engt.h
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the course  of  the experignent,  gt was  foundi that  t.he

molten  part of  the uranium  became t}xermagly unstaEole

due to the gnteraction with  thc warcr-coolcrd  copv)er

hearth arid due te the complicated  interaction with  tbe

r.f,-power  suppiy.  The  i"troduction o.r }zelium into the
system  stabilized  the molten-part  of  the uraniurn  substag-

tialiy,

  A!so, i: was  found  that  the. prctt'eatment of  uranium

metals  and  sequentia:,ly  proper  treatmeut oi' uranium

metals  during the  zone  refining  werc  importarst for the
success  o't' the zone  re{ining,

  The uranium  metaE  was  pur- ified as  foilows;

A, Meltiiig in an  ultrn  high vacuum.
B. Zonc refining  of  severaa  ti]'nes in an  uEtra  high

vacuum.

C. Zone  refining  of  seyeral  times in a  helium ga.s en-

vironinent  of  one  atrrtesphere.

D. Cutting down  encl side  of  1f3 ot' :rareium  rodi.

E, Zonc  refining  of, severag  ti/tnes iii an  "ltra  hi.o'h
vaguum,

F. Zofie refining  of  several  times  gfi helgum gas  at-

mosphere.

G.  AnneaEing,

  The purified part of' the  uranium  rrietal  was  then solid

state  elecTL' rolysized  in 'lhe eaectrotransport  instrument f'o]'

about  ont- week  just below the  melting  p. oint.

2,3 Aneslysis ofIJuricy
  We  rneasured  tbe electrical conducrtivity  ot' tlLe pLg i'ified

uranium  {fi the ternperature range  of  4.2K-300K.  The
degree of  purity of  the  uranium  -'la's primarily judge'di by
the  se-calleci  r,r,r.  (resl'dual resistivgty  ratio), the resSstiv-
ity Tatio  between at  300 K  and  at 4,2K. 

'rhe
 £ hemical

analysis  was  caryied  eut  by  the ICP,  inductive coupled

pgasriia ernission  spectroscopy,  technique.iO)  As the  ICP
is not  suitable  for analysis  of  gaseous elernents  such  as

hydrogen, nitrogen,  oxygen  etc., we  anagyzed  the

uranium  vnetafi  g')igrified by only  zone  refining  precess
vvhich  ib', etfectivc:  for venmval  ef' metalEic  impurities as

iaaid hefore.

  Aflagyzed putnrts of  the purified uranium  are  shown  in
Fig. 5 in the rL'lation with  th`e zone  yefining  process rnen-
TISgng.d  abeve.  T])s,] speratinE.:  conditions  of  the gCP  are

shown  in V'abae }K. The  uraniurri  vnetals  weTe  solved  in a
heEiLed nitrgc  acici . 

'lrlie
 acid  concentration  was  comtrolled

to be EIDgE, 
'/rhe

 stanciarci soluttion  of  the  analyzed
,,)[em ¢ nts  was  aE,so cont.rolled  to have  the  same  nitric  acid

conc'entration.  V't'.･ isr kg"ds of  the standard  soiution  were

pre,paTed, whose  {: u-ncent, rations  of  the analyzed  eaegnents

ewe  g, S, 10 and  i/1' ppm.

  
'Cc

 simpRify  
'tht".

 a,Ralysl's,  we  restricted  nuxnber  of

amtilyzecl eEen':･ent.,. by .Fo}EcwSng conditions.
1. Ele[oents w'h･i(:h arialysis  is d'IMcuEt for the gCP
shouid  be･ exclucie,j.
2. Ltlcrfients whc/,se  chemical  propert'ies are  similar  each

other  such  /tis ilie rare  earth  eEements  should  be
['e])r..sena'ed  by a //･ .ypicag e)ement.

･/rfter

 beg[ailg

step C

  a

Eil
b cerd

･nt'!tr si/eD  G

      1,

 bcgin[ng

.--un..um. gsmm um.
js pi:･ce a/k'entes Lo stc

             140

p, :
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 ing.

.rv TO, 5mm un
.un, 11Smm - J

Analysgclpur'/softheur{p,niummeta]rodpurifiedbyzonerefin-
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l8 I.E"P Ee/-ries a
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   b IO L,.S 23  6,.7 53.S C, 32,Y -  28,:･X i2Otl
   c 10 di.,r) 42  ll.1 188.4

                        C.2 95.S e,?. 6C.7 65 O:･l

        8 S.6 e9  22  r,.6 S)' - 
,7.8

 09  e2

   2 13 5.d, 20  d"  47.S S 28.S -  26btgel

   ] 2S :,.2 4,2 :,,:, 146.2 : !IO,3 C,6 7e.O ti.6  ± C.

I]cli'or: i,f, IS ,].ti  21  17 i .iL,.l 6.Y 33:  96  3ti Z 2n  Z.2

3. 
'E'a･ts.rr.e],ats

 
',nhose

 e)drnction  bxj, Lk'ig. /L'E'l]', whicti  ,･,lll: br)
exkjlaimect tnteT, are  large, shgllIcl be £ i:clucie.cl.

CoRse,a.z,e:/it.ly, we  chese  Lhc 1'oLlo',/vi',･:･g e.j,".!ne.zntLs;

alutvii/.i],sni. bisuautk catciurrz. :ad"tt{-m.  cebs.IL.        t t t t t
ChfO"laUk.Q,  eOPI3er,  :･rOrl, i:.Bttlal':Lil[l, hJte,.iKM,

magnesftn:,i,  moiybdeituin,  nicKel.  ieadi, pr;'Lseg(iy".tivm.
scaficgiuiz,  srdi･con,  th:, '.'ttanium,

 var･,s,:,;!.m,  1.i.,nv;st.cu,

and  zicc,

  Th.ts i'rsvierq irs the 1.Cl' anale.rsls  s[  thF. in',p.ufkles. in
tke L,raAl,..tm  is t.laai vllfiTv.,r crniss)oc･  :･'u:ft'Lvg. frf)ff1 th.e

uraai"m  i, i.se±t' concea.]  lnoge frorc lhe  i[rny  .crL.' /.t'. ,,, cleFtie:2c..

So, th: y.nan;.um  k,waf)  fa=ovf.d  by tlte eictfk'r.L;oll rri?.lh[oO

tising  t.h･c Z[, B.F･ (Tri-n-butyl }-'lacspnate), L. 'L t.'cf,t, 
'.,
 1･ic: TR]P

was  rn:,xed  
'tvi:,b

 a  soliuene  am th: ･'at'To  cl ,l to 1, 1iej:/ iLs
inixture  iv,a: ,made

 to forvl a  pr."eq"it ig'ri'vfft E'LeLE by, sliak
ing ther/r･t witb  t.i e  8 ivff vitrlc  ac]d  solv.rlto,'t. We  ex.kactecl

the  urtL/niuin.  using  svck  the TBP  
'.,
 
',/f:,/{JfJ,

 A;'t[.'r･ tn,e :x;rg{.'
tlon, afiy g･ranlum.  in tllle solLutl,en f:tt.ti :ot  b: dei.ecte.cl ty
"egthei'  

'L'rict
 ifCP ncy'  

`.he
 eM  su)'vey  m.ff.ter. The  btafi1-c

niiric  e/:kl  sgiution  of  g M  was  prel urec,  ;::, th.e sanfit  vrc..,-

cec,irL'e  a,[,' Lhe  ufavaii]ro  soRutl,svr.

  tt'he use. r.r tl:,o, 

'I'8P
 c:amses.  a.ito,'.hcr 

':･rob;':,Ti,
 Li,',as. i･E,

t･ ke p･g/ssibiilL}y ott 
',
 
""e

 extractioii  ot' ir･ n.,o  ti :,'k.lr etes:  ･?.n'.:  So,

wg  c.'i.at,i]ncc:- thc e.xt,.racticr. 
'."sc'Ler

 o,pt Lhe iviptst'lty
e}ernen･ts usjng  VIE;- stnndard  ss'gur.iDn. 

't'?]
 e. E],i.agy.･'".e. fesuit

oi" impvrky  e,r,ras rectificcl by itb" facZot.

st3, fftes/,si)s pu=,Ldi Bfist'anssEsen

  Tlt c) ccn:#ntk'at;on  :f  :/ he iffipuraLt's in tb{, zc  t'te reri neti

urntnllittfn tnc',･al ls .qhewfi iA 
'Sabi･.e.

 .Uii. T}]e rc,gul/t c,fi ,.ht.

uranl-rifi bofore 1}ie zope  rel-ifling  is aiso  sflown  c",s  c.oi'"i-

parison, TY:e mi"imaum  mccuracy  of  1.h･n duta ls lhGvght  to

bc less tt/arg 1 ppffn. 
"i"he

 eEemeii'Ls vofhic'h can  no:  tse
de'Lectcti ･:..'e rsi  sh,own  in T, abl,e IV. As  c'.ieii" t.d L'ect frojzi ttLe

zone  reF.'･ni,ng ot' iLhe  rare  earth  grie'L,fils, i'=,c':aglic  lrnpLu"IVes

usuatiky  fiiov:  L･t) th2 ?.nd ed,ge si" a god  v'b.'IQ tkze r"ogteai.
zoze  by  i.hc p"ocess ci" the z"ne  refiia:n･g. Thai  i･r, nL-

tribuLccl･ t,o a'Sstrg!]u".io"  i,'in'ctsr of  i'mm.T,rl/Lier･. )el.wgcn thft
soli'di, at'ici, t,b.e. Iiquid phases being less tln,ej an  unllir.  

'/t'kc

typicel el,e.rr!e,nt.: gi;o. Ifon and  nicke//  as  depl,p.ted lr･ Ta'b' le
IV. The  elj emeiits  whosc  conettntrati/u  fi 4:{;r:nse lstaily by
the. zonc  rcfiring,  typicnl one  ls mafiganc.sc.. is tha.rt' jit tc
evapcfratr.'. Im the process oC tbe L,en:  .'f;firti"s ITt mi  Li}tra

hl,gh vacvviryi.  Behawior  of  egpper  ew.･hibf･tF.d t'".,.. "zlpt/Afe

of  a'be'fc tino :za/ses.

 
rF7

 Illvs, Lhe- be.T.,]aviors sf  altnosi.  aU  
'.E'ic

 1rs t;･v/'i'.ics ca,a  b','

expleinea  anr.Ufte  ze"e  refining  :'s c-')'fifirmec,' to be efre,c-

t{ve. i"sr  Burifi,:ation of' t/'ne krafi:,-m  rnetal  k'E t'gr as  ti t/

,nti.agt{c  iTn,:vsities are  ce.Tnc'erned. }'Ig"rek,cr. thc

bekavinfs o,i aluyninLtrrt  afid  calci･gm  arc  st.rk'Lnge. ThcT･c
[wg  ele."'.'ients ifir･/")ttsect :, heir cont:enti'atio"  aftei the zofie

fe.l'uhii'"g. As  f'or ttrq: caEei-rn,  we  gucssecl that t.he coT･-
.2.tv)lnalio- ff.oki the  

r./'Bl'
 ,.nay  be  thc orSglll  or･ t,he' cor/

'.arr,ir,atior･i.
 Cincerning the inc:re.ase of  ,?1'Ltfni:um con-

cc=ri Li g'tion,  
'we

 ca. fi net.  itientify ils aet.Llal ca asc at pre,genL.

  A･/.[ ci1fig up. Lhs concenLration  #t" 
'LLttc

 givpuc:LISes exeepL

g'oi
 cvlr.!um  anc) alumiitum  in Lhe  fTios'L Burf,fiect peac: (1

I" Tabicr FV),  T･ve  gbtained  e.hg. value  cf  36.1 wi･ppm,
./udgire ir'rom  Lhis  valuc,  the tot:.l c.oncentia'":oin  of'

metalEic  {iopuri'Lies in F.he  purified vr, ti･nSum  i,s tho-ght  Lo

be  aess LH.ai 1/ /gOwt･pprc, So we  f"thy  
'Lhinl'.

 that `Lhe
 htgfi

puTlty ua'a,fi;'uiii metal  of  99.99 wwrt.% ls obtainff.d. P,s for
ike. iiatv.e

 cf  tbe, :'.r,;,, tbe  beEt we  c'bta;,ic,d {s arouRd  17 -
20, L':ifig c.'ornparabae.  with  the  bcst vaCve  eveT  fcpDr.te.d  ifi
the  wovttt,  .

  
'LS

 :'s int,cr.estbzg io c:ouapare  th:  .fF.sll}/ oi" ,tl'iemicai

t.inalysis ,,Tvith  the r,r,r. ffSgu.rv" 5 :s tk... r.r.r.  of  
",be

･,rt'tniugT}
 me'Lan] "ed  after  tl']e etir/ zorlg  rclCgf,,ilg p, {ocesses.

i/s L.lv'Lett bet"D"r., tke i.f.L,'. is i:,'t"SF.]cg,c.cct b,y tke fnany

3tigins, "lowcver.
 the infEugnces cv.ceptt  i'gi iffipu:,'itfes arc.

tho',Jghi. /･o bc.' al/rnosS the  sarnc  
:r/

 every  parL' of  i.,la,e

ur･ anibetT]  rocl,  Further, jndising r' rocrnhc  case  s."-.tzc zon,c

.eefiming eF  ;he  ra[e  eary'h  rnetals,  gase.smg i-gipura'L'lgs svc'/i

cn,s ox':'gcfi,  :ltTiogen  £ te. arc  ,tl:g)ugk/t to Be  :fiard to

remove..  S-.･o, L, L'ic 
',r,c.

 is ihoughL  to  
"gfiect

 t.Y]e con:entra-

.io" of' mctallic  impvrities. B'itllt., as  the effeets  subs'Litta-

,.'lona,b'petallSc  i,criemo'itics ori  th･e elech'.lcag  res{stiivity wbl

b{: s･malte.r comi,')ared to that oi,n inters:,itiat' gasttous iffT]
.ouritic.s, thc c'/}iange  oi' the r.r.r,  is smaigeL'  L,,ttan t}iat inire.s -

L,efi f,rorri die decr･:ase of  imparities L'oneentratign.

t"･.pmyway,  lo'Jthollgb  the sgLuation  of  L{ic r,T.r.  is w,..ry cogn-
ndew[.  I:.,c: rcsuli  suppoTts  ttic resthll of  ihe  IC'.' amalysis.

sirf. (･:tmellpmstie.'.,

  
"i'J.a.

 deveioped lnstri]rfients for tkf, pufificatiop  e,.S the
-ra"gurr  meteE･s.  Usang  tke  fifistrzar=ents, we  eafried  6:t
h.e

 pu:,'ificatlen of  tY,e uranSvm  mctal,  

'We
 perfsrmecl Litc

t:heuriical
 anal'ysls  ef  the p"rified ursmium  met, al using  tbc

.TCP afiot by  the  eiectrical  resistivlty  m,easutenient,  The
f.mTlty ot' the  urar,iurrs  is thollght  

"Lo
 kee iviiproved zo 

'J:･:

'99.99%

 i.',p. 
'rve.

 sfe  now  syntbcsi7.iRs.  ti'.Te 
'trighgy

 put'c.
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